ABSTRACT New inhalation studies have been carried out with rats exposed to UICC (Union International Contre le Cancer) amosite asbestos, with the main aim of further elucidating the factors that influence the accumulation of dust in the lung during prolonged chronic exposure. The results show that, for exposure times beyond a few weeks, the lung burden rises linearly and does not level off as predicted by simple models based on ideas taken from the 1966 report of the Task Group on Lung Dynamics. Furthermore, the lung burden is found to scale directly in proportion to the exposure concentration in a way that seems to contradict the overload hypothesis stated earlier. Nevertheless, the general pattern exhibited by our results for asbestos is markedly similar to that found elsewhere for rats inhaling diesel fume, leading to (a) the suggestion that it is general (and not specific to fibrous dust); and (b) the hypothesis that, whereas overload of clearance can take place at high lung burdens after exposure has ceased, it is cancelled by the sustained stimulus to clearance mechanisms provided by the continuous challenge of chronic exposure. The linearity of the increase in lung burden is explained in terms of a kinetic model involving sequestration of some inhaled material to parts of the lung where it is difficult to clear. The particular sequestration model favoured is one where, the longer a particle remains in the lung without being cleared, the more likely it will be sequestrated (and therefore less likely cleared). It is believed that such ideas may eventually be useful in forming exposure-dose relations for epidemiology.
In associating respiratory disease with exposure to airborne dust we are concerned, firstly, with the inhalation and deposition of particles in the lung during the act of breathing and, secondly, with the clearance of those particles from the lung. Taken together, these processes govern the cumulative dust dose experienced by the lung. The kinetics of deposition and clearance are therefore of primary importance in the relation between exposure and cumulative dose, and are therefore ultimately fundamental to the biological processes leading to disease.
While the present paper is drawn from experimental studies with rats involving asbestos dusts (since this is where much of our work so far has been directed), many of the conclusions reached are believed to be pertinent to a wide range of other relatively insoluble dusty materials. Particular attention is given to the problem of the accumulation of lung burden during prolonged chronic exposure, relevant to the exposure of workers to mineral dusts in a wide range of industries.
Background
Mathematical models of lung clearance do not set out initially to describe mechanistically the complex biological processes that take place in the respiratory system. Multicompartmental models of the type described by the Task Group on Lung Dynamics' relate only loosely to the actual anatomical structure of the lung. Rather they are, in the first instance, consequences of the fact that any monotonically falling curve (such as that describing the temporal changes in the retention of material in the lung after a period of inhalation) may be represented by a series of superposed exponential functions. Therefore the concept of dividing the lung into compartments is notional, aimed-particularly with regard to radioactive dusts-at providing a basis for dosimetry estimates. Such models can, however, serve a useful secondary purpose in helping to test biological hypotheses for lung responses to inhaled particles.
The simplest mathematical representation is based on the working assumption that the rate at which inhaled material is being cleared instantaneously from a given compartment is directly proportional to the 707 Vincent, Johnston, Jones, Bolton, and Addison Such an idea of clearance overload is not new, similar hypotheses having been previously suggested by several other workers to explain apparently impaired clearance of aerosols inhaled at concentrations similar to those in the work already cited (see, for example, Ferin8 in relation to the quartz studies of Klosterkotter and Bunemann9 and Vostal et al10 in relation to their studies of diesel fume inhalation). This paper describes new chronic exposure experiments which have been carried out using UICC amosite to enable closer examination of this and other associated ideas.
Experimental
All the experiments were carried out using outbred male SPF Wistar rats of the AF/HAN strain, exposed to airborne dust of UICC amosite in 1 m3 inhalation chambers in separate groups of 12 animals (with up to 48 per chamber at any given time). The rats were all older than eight months (for which it had been established that systematic variations in lung burden with age are weak). Details of the dusting facilities and procedures have been fully described elsewhere.3411 The dusting regimen and the times of insertion into the chambers of the individual groups of rats were chosen so that the animals could be exposed for durations of up to one year (for seven hours a day on five days a week). Dust exposure levels were defined for each experiment in terms of the running day to day averages of respirable dust concentration as measured using Casella type 113A gravimetric samplers. Two parallel experiments were conducted, one at the target respirable dust concentration of 1 mg/m3 and the other at 10 mg/m3.
Animals were removed in the groups of 12 after chosen exposure times (T) and killed in subgroups of four at postexposure times (AT) of three, 10, and 38 days respectively. After the lungs (including the associated mediastinal and hilar lymph nodes) were excised in toto, the burdens of accumulated dust were recovered and assessed by the plasma ashing/infrared spectrophotometric method described elsewhere. -----intents and purposes, the measured lung burdens related to material deposited in the deep lung compartments only.
Results
The results are presented in fig 3 in the form suggested by equation (4), with Z(T, AT) representing the measured overall deep lung burden normalised with respect to respirable dust concentration. In attempts to reduce the scatter in the data points the possibility was examined of further normalising the results with respect to the body weights, wet lung weights, or dry lung weights, or a combination of these, of the individual animals. None of these brought about any perceptible reduction in the variability, however, and so this idea was discarded. Also included in fig 3 are the earlier data of Wagner et al,6 Davis et al,7 and Bolton etal.5 Within the variability indicated, the small systematic differences between the individual data sets for each of the postexposure times (AT) broadly reflect the clearance pattern predicted by equation (4). Figure 3 shows several interesting features. Firstly, the results from the various experiments-some of them from a different laboratory using different analytical methods-display encouraging general agreement. Secondly, the results for the I and 10 mg/m3 exposure levels, when plotted in the form shown, appear to collapse into a unique relationship. This suggests that the kinetics of the clearance process are independent of the magnitude of lung burden. In for T < T' (the time at which the deep lung burden reaches the threshold for overload), and by
forT > T'. Figure 5 shows the behaviour of Z(T) calculated from this model, taking AT = 10 days and assuming that the threshold lung burden for overload of clearance is 1 mg. This latter choice is based on the results of our own short term clearance studies reported earlier5 for UICC amosite, of Klosterkotter and Bunemann for quartz,9 and of Vostal et al for diesel To) and Vincent, Johnston, Jones, Bolton, and Addison into a compartment from which particles are cleared only slowly.'2 Our model embodies the important feature that the longer a particle remains in the conventional compartments of the deep lung without being cleared the greater its chance of being sequestrated (and therefore still less the chance of it being cleared). This is believed to be a plausible biophysical hypothesis. New experiments, however, will be required to test its validity, and these are at present being considered.
Discussion
Interpretation of experiments with living systems in terms of kinetic models (as described in this paper) must be tempered by the inherent limitations imposed by biological variability. This is particularly the case for prolonged chronic exposure studies where the advancing age of the subjects and, possibly, the onset of disease could bring about changes in response. Not Kinetics of deposition and clearance of inhaled mineral dusts during chronic exposure Lung Dynamics') for the deposition and clearance of inhaled particulate material fails to account for the steady accumulation of dust in the lung observed during prolonged chronic exposure, not only to UICC amosite as in our experiments but also to other materials as reported elsewhere.
The concept of an overload of clearance (and the implication of impairment of clearance associated with the amount of particulate material accumulated in the deep lung) has been referred to by several workers, based on studies of clearance after short term inhalation exposures. This is reasonable since, for any dust, there must be a lung burden beyond which the lung's defence mechanisms become overwhelmed. Nevertheless, such an overload hypothesis is not consistent with the main trends in lung burden observed during prolonged chronic exposure. The general similarity between our results for asbestos (in Bolton et alt and the present paper) and those of the General Motors group for diesel fume (in Vostal etalll and Chan etalt2), comparing results for clearance after short term inhalation with those for cumulative lung burden during prolonged chronic exposure, is striking in bringing out this apparent anomaly. (Indeed, it shows up-on closer inspection-even within the data of the short term clearance experiments reported.5 12)
The overall comparison of our respective experiences for aerosols differing so widely in physical and chemical characteristics is remarkable, and suggests that the observed trends are general in nature and may therefore have even wider relevance.
Both bodies of work indicate that different kinetic models are required to explain the consequences of short term and ofchronic exposure respectively. Some further evidence in support of such an idea is available from elsewhere. For example, Klosterkotter and Bunemann noted that clearance in rats of inhaled quartz, where exposure had been interrupted for an extended period and then renewed, was markedly more rapid than for corresponding animals permanently removed from exposure.9 They postulated that the renewed stimulus of dust challenge serves to further activate clearance mechanisms and to mobilise older dust deposits. Einbrodt too showed that interruption of exposure of rats to quartz had an unfavourable effect on clearance.'9 Furthermore, he reported some results of readings ofx-ray films ofthe lungs ofminers suggesting that progression of silicosis was more rapid for those whose occupations had been interrupted for an extended period because of military service, for example, than for corresponding men who had worked continuously. Le Bouffant et al showed that continuing exposure to dust was associated with some inhibition of pneumoconiotic changes in experimental animals. 20 In relation to the apparent anomaly we have identified between the short term and chronic exposure results, it is therefore one interpretation that overload of clearance associated with high lung burden, which would be apparent after exposure ceases, is-in effect-cancelled out by the sustained stimulus to the lung's defence mechanisms associated with chronic exposure. If such ideas can be shown to be biologically valid it is believed that they will be important in epidemiology relating to various profiles of occupational dust exposure (such as peak versus continuous). They therefore deserve closer inspection. Of the alternative kinetic models relating to prolonged chronic exposure, the sequestration model provides perhaps the most convincing picture. Indeed, the linearity with time of the rise in cumulative lung burden evident in our own results for amosite and in those of Vostal et al for diesel fume,'0 as well as those reported for coal quartz dusts by Weller2' and recently by Robertson et al22 at this institute, may only be explained in this way. For asbestos fibres, it is possible to construct a mechanistic argument for sequestration along the lines that such particles, by virtue of their extreme shape, may be more readily entrapped than compact particles in the fixed tissue of the lung. Morgan et al have given this as one of the reasons that longer fibres appeared to be more difficult to clear than shorter ones in their rat inhalation studies with anthophyllite.23 Nevertheless, the more general applicability of the sequestration hypothesis is supported by the other work we have cited, as well as by the results just emerging from our own new inhalation studies with titanium dioxide (to be published in due course). The actual process of sequestration probably involves (a) focal aggregation (in macrophages) within alveolar spaces, particularly in the peribronchiolar region; (b) location within epithelial cells and in the alveolar interstitium (as recently shown by Brody et al2425; (c) entrapment in areas of pathological fibrotic change; and (d) collection within the pulmonary lymphatic system. 6 As described previously,35 histological examination of lung tissue taken from animals in experiments with UICC amosite showed no fibrotic change, suggesting that sequestration occurs in the absence of disease. Our results-including the observation of the lack of dose effect on cumulative lung burden-lead us to the conclusion that the mathematical concept of a sequestration compartment reflects the "normal" response of the lung to challenge by airborne dust, and is not therefore primarily the consequence of impairment of the lung's defence mechanisms by that challenge. While the rate of sequestration, as governed in our model by the single parameter To, may be strongly influenced by particle size and shape as suggested, it may also be influenced by the toxicity of the inhaled particulate (since it is well known that transport to the 713 714 lymph nodes is enhanced for more toxic material2627).
It is important here, while discussing sequestration, to note that clearance processes (including dissolution in body fluids) that have time constants long compared with the relatively short life spans of rats may not be so in relation to human subjects. Caution must therefore be exercised in assuming from our results that lung burdens in people under chronic exposure will simply go on increasing linearly (as our animal results seem to indicate). What might appear as permanent sequestration in rats might, in people, turn out to take the form of a slow clearing compartment. The consequence of this would be that the lung burden in people would eventually level off. On the other hand, however, such a tendency may be offset to some extent by the fact the pulmonary clearance in people is much slower than in rats. 6 The decision to include the mediastinal and hilar lymph nodes in the biological tissue which was analysed for dust burden was based partly on the fact that it is impossible in practice to separate all lymphatic tissue from the lung and partly on the prior observation that lymph node burdens of UICC amosite (from analysis of tissues taken from previous inhalation studies) were small in relation to overall pulmonary burdens. It therefore follows that the sequestration compartment which we have defined includes the lymphatic system of the lung. It is believed, however, that lymph node accumulation alone is not enough to account for all the sequestrated material but that there must be substantial contributions from other sources (as already suggested).
The main objective of this work has been to investigate the mathematical behaviour of the rat lung system in response to chronic exposure to airborne dust and to look for consistent trends that could lead to a more general kinetic picture. None of the work which has been described sets out to answer directly the many questions which are raised about the underlying biology (such as the mechanisms of clearance overload and sequestration or macrophage processes-recruitment, motility, and phagocytosisin response to the dust challenge or the effects of inflammation and disease). Experimental studies aimed at investigating the detailed cellular response to inhaled mineral dusts, retention in relation to lung morphometry, and pathological response are in progress at this institute and will be reported separately.
Finally (1) During chronic exposure over a wide range of dust concentrations, lung burden scales directly in proportion to the respirable dust exposure level. Accumulation of lung burden is substantially more rapid than predicted by the simple kinetic model; indeed, it continues to increase linearly. It is recognised, from the evidence of clearance after short term exposure (as we reported in our earlier paper5), that the lung's defence mechanisms may be subsequently impaired by the amount of dust accumulated. Such an overload, however, does not account for the observed results for prolonged chronic exposure where, it is speculated, clearance may be sustained by the continuing dust challenge. It seems therefore that, especially for high lung burden, different kinetic models are required for prolonged continuous exposure than for clearance after exposure has ceased. It is suggested that the observed trend represents "normal" (as opposed to impaired) lung response.
(2) The most plausible alternative kinetic model to explain these results is the one which invokes a sequestration compartment in the deep lung from which material is either cleared extremely slowly or, possibly, not at all. No distinction is drawn at this stage between what is sequestrated by encapsulation in the fixed tissue of the lung and that which is transported to the lymph nodes. The rate at which material is transferred to the sequestration compartment from the other compartments of the deep lung is believed to Kinetics of deposition and clearance of inhaled mineral dusts during chronic exposure be influenced by the size and shape of the inhaled particles, by their toxicity, and by the presence or otherwise of fibrosis or lipidosis. The particular sequestration model favoured is one that embodies the important feature that, the longer a particle remains in the lung without being cleared, the more likely it will be sequestrated (and therefore less likely to be cleared).
(3) Although all of our own experiments reported so far have been carried out with rats using UICC amosite, evidence from elsewhere suggests that broadly similar behaviour is to be expected for other inhaled particulate material. Therefore it is believed that many of the trends which have been reported are general in nature and, as such, deserve closer inspection.
(4) Workers elsewhere have indicated the potential for the practical application of ideas such as those contained in this paper to epidemiology and toxicology. Before such applications become reality, however, further studies of inter-species and interdust effects are required. Until these are carried out and a broader range of experimental data is available, any general conclusions arising out of such work should remain tentative.
